The reconstruction of recent historical population sizes allowed us to investigate the in¯uence of random evolutionary processes on present-day genetic diversity in populations of Dryopteris cristata. This long-lived, allotetraploid fern is rare and endangered in the study area at the southwestern border of its European distribution. Random ampli®ed polymorphic DNA (RAPD) diversity of 280 individuals from 14 populations of D. cristata was extraordinarily low, suggesting an ancient bottleneck in the species' history. Analysis of molecular variance (AMOVA AMOVA) of 25 dierent RAPD multiband phenotypes revealed signi®cant genetic variation among three geographical regions (15%) and among populations within regions (34%); 51% of total variance was attributed to variation within populations. High population dierentiation indicated limited gene¯ow among populations, and genetic divergence was not correlated with geographical distance. There was no relationship between genetic variation within population, estimated as molecular variance, and present-day population size. Populations with recent historical bottlenecks of fewer than 25 individuals showed a substantial and signi®cant reduction in genetic variation, compared with populations without bottlenecks. Comparatively high levels of genetic variation were still maintained in small remnants (60±110 individuals) of formerly large populations. Average deviations of frequencies of widespread polymorphic markers within populations from their frequencies in the whole dataset were signi®cantly higher in small or recently bottlenecked populations than in constantly large populations, thus providing evidence for random sampling eects during genetic bottlenecks and drift in small populations. The present investigation demonstrates the importance of population history for understanding present-day genetic diversity within natural populations, as well as for conservation biology.
Introduction
The genetic diversity in a species or population is the result of its evolutionary history and of recent evolutionary processes. Low levels of genetic diversity may reduce the potential of species or populations to survive in a changing environment (Ellstrand & Elam, 1993; Lande & Shannon, 1996) . Theory predicts that genetic drift, increased inbreeding and reduced gene¯ow will all decrease genetic diversity in small and isolated populations. Hence, a paradigm in conservation biology states that genetic diversity decreases with decreasing population size (Barrett & Kohn, 1991; Young et al., 1996) . A positive correlation between actual population size and genetic diversity has been found in several plant species (Godt et al., 1996; Fischer & Matthies, 1998) . In the locally rare Salvia pratensis and Scabiosa columbaria, population size was correlated with the proportion of polymorphic allozyme loci and the mean number of alleles, but no correlation was detected between population size and gene diversity (van Treuren et al., 1991) . No relationship was reported between population size and genetic diversity for other species (Ellstrand & Elam, 1993; Lutz et al., 2000; Schmidt & Jensen, 2000) . Historical changes in population size and isolation were proposed as possible explanations for the lack of correlation in the latter studies. However, because information on recent population history is scarce, it is usually not possible to test its in¯uence on genetic diversity (Lutz et al., 2000; Schmidt & Jensen, 2000) .
In the short term, loss of genetic diversity in longlived plants is supposedly the result of severe genetic bottlenecks rather than genetic drift in small populations (Young et al., 1996) . Both processes were summarized as`random sampling eects' by Barrett & Kohn (1991) . Random sampling is a single event during a genetic bottleneck, but it accumulates during genetic drift in any extended period of small population size. Barrett & Kohn (1991) stated that theoretical work on stochastic loss of genetic diversity is based largely on a diploid, outbreeding system, which might be unrepresentative of many plant species. A theoretical prediction of genetic drift is that allele frequencies within populations change erratically and tend to drift apart, eventually resulting in the ®xation and loss of alleles, while overall average allele frequencies among populations remain constant (Hartl & Clark, 1997) . Increased genetic dierentiation is expected among populations aected by random sampling. Furthermore, theory states that a genetic bottleneck primarily eliminates low frequency alleles, while the remaining alleles tend to persist in intermediate frequencies within the population (Nei et al., 1975) . Genetic bottlenecks can be caused by a sharp reduction in the number of individuals (population bottleneck) or by the establishment of a new population by a few founder individuals (founder eect). Recent genetic bottlenecks have been demonstrated in introduced populations of Sarracenia purpurea (a single founder individual; Schwaegerle & Schaal, 1979) and Argyroxiphium sandwicense ssp. sandwicense (reintroduction with seeds from two individuals; Robichaux et al., 1997; Friar et al., 2000) .
Switzerland has a long tradition of¯oristic research. The reconstruction of the former distribution of Dryopteris cristata, a locally rare fern in Switzerland, and, for most of the remaining populations, the reconstruction of changes in population size during the past 120 years, was thus possible from literature and herbaria (Landergott et al., 2000) . In addition, the present and former distribution of D. cristata has been studied in the neighbouring area of Baden-WuÈ rttemberg in southern Germany (Willbold, 1995) . In both areas, D. cristata inhabits alder woodland and formerly exploited peat bogs (Willbold, 1995; Landergott et al., 2000) . Such habitats are naturally isolated and mostly of restricted size, but have been further fragmented and isolated as a consequence of habitat destruction prior to Liechtenstein and Switzerland, according to Willbold (1995) and Landergott et al. (2000) , with locations of the 14 populations sampled for RAPD analysis (for population abbreviations, see Table 1 ). Fig. 1 ; Landergott et al., 2000) . The economic exploitation of peat bogs often caused distinct changes in population sizes of D. cristata. Three trends in recent population history could be distinguished: (i) the reduction of a large population to a small remnant before 1945; (ii) the increase of a formerly small population to a presently large one; (iii) a severe historical bottleneck of fewer than 25 individuals (Table 1; Landergott et al., 2000) . This categorization allowed investigation into how random sampling in recent population history has aected present-day genetic diversity in natural populations of D. cristata. Additionally, the evaluation of genetic diversity and population dierentiation is of importance for this species' conservation.
(
Random ampli®ed polymorphic DNA (RAPD) fragments (Weising et al., 1995) are considered to be selectively neutral markers (Bachmann, 1997) and are thus useful for studying genetic dierentiation and the eects of random sampling. In the present study, the following questions were addressed by investigating 14 populations of D. cristata using RAPD markers: 1 Is there signi®cant genetic dierentiation among populations or among regions, and is genetic divergence correlated with geographical distance? 2 Are large populations genetically more variable than small ones? 3 Is the present-day genetic diversity aected by recent population history? In particular, have historical bottlenecks of fewer than 25 individuals decreased the genetic diversity in natural populations of D. cristata?
Materials and methods

Study species
Dryopteris cristata (L.) A. Gray is a long-lived, lowland, homosporous fern of wet bogs and swampy woodland with a temperate to subarctic, circumpolar distribution (Dostal et al., 1984) ; the Alps are the southern border of its European distribution. The species shows little morphological variation throughout its range. In a comparison of North American and European plants (Walker, 1961) , all individuals were cytologically uniform and resembled each other morphologically and ecologically. Furthermore, an allozyme investigation of eight German populations of D. cristata detected no genetic diversity (GuÈ ldenpenning, 1994) , while an allozyme survey of 15 populations from the British Isles, Austria and Switzerland revealed only little polymorphism, with most genetic diversity among populations (J. C. Vogel, Natural History Museum, London, unpubl. data).
Dryopteris cristata has become a rare species in southwestern Central Europe and is considered to be endangered according to the Red Data Books of Austria, France, Germany and Switzerland (Landergott et al., 2000) .
Dryopteris cristata, D. carthusiana (Vill.) Fuchs and D. dilatata (Hom.) Gray (Aspidiaceae) form a complex of three closely related allotetraploids (2n 164), sharing ancestral diploid genomes (Walker, 1961) . One parent of D. cristata is the diploid North American species, D. ludoviciana (Kunze) Small (Walker, 1969) . The other parent of D. cristata, which it shares with D. carthusiana, is a hypothetical ancestral diploid referred to D. semicristata (Werth, 1989) .
Sampling
Fourteen populations of D. cristata in Switzerland, Liechtenstein and Baden-WuÈ rttemberg in southern Germany were investigated (Fig. 1 ). According to present-day gaps in the distribution of D. cristata, the study area was divided into three geographical regions (Table 1) : western Switzerland (W), eastern Switzerland (E) and Baden-WuÈ rttemberg (B). Six large populations with more than 300 individuals and six small ones with fewer than 150 individuals were chosen among these three regions. All the remaining populations in western Switzerland (W1±W4; Fig. 1 ) Ð three small ones and a large one Ð were sampled. Two additional populations from eastern Switzerland (*E5 and *E6), most probably founded in the second half of the 20th century (Landergott et al., 2000) , were sampled as well.
In each of the 14 populations, fresh leaf material of 20 individuals was randomly sampled throughout the population area in July 1999. Leaf material was immediately dried in silica gel and subsequently stored at )80°C. Population size was counted for up to 300 individuals, beyond this it was estimated into two classes: 300±500 (<500) and more than 500 individuals (>500; Table 1 ).
RAPD analysis
Genomic DNA was extracted using the FastDNA Kit (Bio 101) following the manufacturer's protocol. In an additional puri®cation step, DNA was precipitated with 1/10 volume of 3 M M sodium-acetate solution (pH 5.2) and two volumes of cold ethanol (96%), precipitated again with two volumes of cold ethanol (70%) and ®nally stored in TE buer. After optimization of reaction mixtures and conditions for thermal cycling, PCR ampli®cations were carried out in 12.5 lL reaction volumes of 2 mM M MgCl 2 , 0.1 mM M of each dNTP, 1´the supplied polymerase buer, 0.04 U lL Primer screening was performed using 80 primers (Operon Technologies kits A±D) and DNA samples of 12 individuals, one from each population (except *E5 and *E6). Seventy-three of these primers yielded ampli®cation products. In addition, 66 pairwise combinations of primers, which gave uniform patterns when used as single primers, were screened in two individuals. Essentially new banding patterns were obtained with eight of these primer pairs. Hence, 10 individuals, each from a dierent population, were screened for polymorphic markers with these eight primer combinations as well.
Negative controls were run in order to con®rm that no artefacts or contamination occurred. Being aware of the method's susceptibility to changes in reaction conditions (Skroch & Nienhuis, 1995; Weising et al., 1995) , reproducibility of all variable fragments was con®rmed by several repeated ampli®cation reactions, and by additional ampli®cations of two to six samples using slightly varying reaction mixtures, i.e. varying concentrations of template DNA (1±6 ng per reaction volume) and MgCl 2 (1.5±3 mM M). Finally, the whole procedure including DNA extraction was repeated for six individuals. As a result of these tests, one polymorphic fragment produced by primer OPC-20 had to be excluded because it was not reproducible under varying MgCl 2 concentrations.
Statistical analysis
Presence or absence of RAPD fragments was scored visually and recorded in a binary data matrix. RAPDs are dominant markers and therefore analysis of multiband phenotypes has been recommended rather than analysis of estimated allele frequencies, which requires basic assumptions including Hardy±Weinberg equilibrium (Bachmann, 1997). Variation in RAPD data was analysed with hierarchical analysis of molecular variance (AMOVA AMOVA; Excoer et al., 1992) , based on pairwise squared Euclidean distances among RAPD phenotypes. Input ®les for the AMOVA AMOVA V V.1.55 program (Excoer, 1993) were generated using AMOVA AMOVA-PREP PREP (Miller, 1998) . Both the entire dataset of all 14 populations and a reduced dataset that did not include the two populations of presumed recent origin (*E5 and *E6; (Rohlf, 1998) .
Various estimators of genetic diversity within populations have previously been applied to dominant genetic marker data. We compared: (i) the molecular variance (AMOVA AMOVA sum of squares divided by N ) 1, where N is the sample size per population; Fischer & Matthies, 1998); (ii) the Simpson index adjusted for ®nite sample
where n i is the number of individuals with RAPD multiband phenotype i within a population); (iii) the Shannon index based on RAPD multiband phenotypes (H ) Rp i log 2 p i , using n i /N as an estimate of p i ); and (iv) the Shannon index based on relative frequencies of polymorphic RAPD markers. The four estimators were all normally distributed according to Kolmogorov±Smirnov tests and highly correlated to each other (Pearson correlation coecients, r > 0.92, P < 0.01 in all cases). Molecular variance was chosen for subsequent analyses of RAPD variation within populations.
Heteroscedasticities of molecular variance among populations and among regions were tested with Bartlett tests implemented in the AMOVA AMOVA 1.55 program. Pairwise Bartlett tests also were used to evaluate whether pairs of populations exhibited dierent amounts of RAPD variation. The relationship between molecular variance and present-day population size was studied with a Spearman rank correlation coecient.
Using the nine populations with known historical population sizes (Table 1) , we tested whether historical bottlenecks had a signi®cant eect on present-day molecular variance (two groups of populations with or without bottlenecks; Mann±Whitney U-test). The number of rare RAPD markers with a frequency of less than 0.1 in the whole dataset was determined per population (Table 1 ). The frequencies of these RAPD fragments were assumed to represent estimators of the frequencies of rare alleles, discounting their actual number at the locus in a genotype. The eect of recent genetic bottlenecks on rare RAPD markers within populations was tested with a U-test.
Possible eects of random sampling were studied by comparing two groups of populations: (i) eight populations of less than 150 individuals or with historical bottlenecks; (ii) six populations of more than 300 individuals and without bottlenecks (Table 1) . In order to test for a dierence in population divergence between the two groups, a U-test was performed on the pairwise genetic dierentiations (F ST ) among populations within groups. To test for a dierence in frequency deviations of geographically widespread RAPD markers, the deviation of their relative frequency within population from their relative frequency in the whole data set was calculated. The average deviations of marker frequencies (AD) within populations were then tested for a signi®cant dierence between the two groups (U-test). Standard statistical tests were performed on SPSS SPSS (SPSS, 1998) .
Results
RAPD diversity
Screening 73 single primers with 12 individuals, each from a dierent D. cristata population and eight primer combinations with 10 individuals, yielded 361 scorable RAPD fragments, seven (1.9%) of which were polymorphic. When running all 280 individuals, primers OPA-18, OPC-15, OPD-01, OPD-03, OPD-08 and the pair OPA-20/OPB-04 produced nine polymorphic marker fragments ranging between 500 and 1750 bp in length. Only primer OPA-18 revealed more than one polymorphic marker; primer OPD-01 reproduced one of the polymorphisms of primer OPA-18 and was excluded from analysis. All further analyses were therefore based on eight independent polymorphic RAPD markers.
Relative frequencies of the presence of these eight marker fragments ranged from 0.03 to 0.36 in the whole dataset; four rare markers had frequencies of less than 0.10. None of the 14 studied populations of D. cristata was monomorphic for all RAPD markers. Fragment OPA-18.500 was restricted to populations W3 and W4 and ®xed in these two populations. Fragment OPD-03.1200 was restricted to populations B1, B2 and B4 and ®xed in populations B1 and B2; fragment OPD-08.1050 was restricted to populations B2 and B4. The other ®ve RAPD markers were geographically widespread, including the four rare ones.
The 280 individuals of D. cristata comprised 27 RAPD multiband phenotypes (Appendix), and between two and eight dierent phenotypes were detected within populations. Three phenotypes occurred in all three investigated regions, and three were found in two regions. Six phenotypes were restricted to particular regions, and 15 phenotypes were restricted to particular populations. All phenotypes sampled in populations W1, W2, E1, E2, E3 and E4 occurred in at least two regions. About 40% of the sampled individuals had Phenotype 1, characterized by the absence of all polymorphic marker bands (Appendix). Most of the 27 RAPD phenotypes were rare, 14 of them occurring only one to three times in the whole dataset (Appendix).
Variance partitioning and genetic differentiation
In the AMOVA AMOVA on 12 D. cristata populations, variation in RAPD banding patterns was signi®cant among regions, among populations within regions and within populations (P < 0.001 in all cases; Table 2 ). The greatest amount Ð approximately half Ð of the total variance was found within populations, another third was attributed to variation among populations within regions, while the remaining 15% was attributed to variation among regions (Table 2 ; similar results were obtained from the AMOVA AMOVA on all 14 populations; data not shown). The overall F ST -value was 0.49 (P < 0.001), showing that about 50% of total genetic variation was found among populations.
Seventy-two of the 91 pairwise genetic dierentiations (F ST ) between the 14 populations were highly signi®cant (P < 0.001), and their values ranged from 0.08 to 0.77. No signi®cant genetic divergence was found for three pairs of populations with historical bottlenecks (E3*E6, *E5*E6, *E5W1; Table 1 ). Genetic divergence of populations was not signi®cantly correlated with 
Genetic variation within populations
Molecular variance was signi®cantly dierent among the 14 populations of D. cristata and among the three regions (Bartlett tests, P < 0.001 in both cases). Signi®cant dierences of molecular variance within populations were found in 73 out of 91 pairwise Bartlett tests (P < 0.001 in 72 cases, P < 0.05 in one case). The amount of molecular variance was not signi®cantly dierent in all six pairs of populations with historical bottlenecks (Table 1 ). Only two of the comparisons of populations with and without historical bottlenecks showed nonsigni®cant dierences of molecular variance (E2*E6, W1E2; Table 1 ). Mean molecular variance per population within region was highest in BadenWuÈ rttemberg and lowest in eastern Switzerland, i.e. the central region of the study area (Table 1) .
No signi®cant relationship between molecular variance and population size was found in all 14 populations of D. cristata (Spearman correlation coecient, r s )0.174, P > 0.5; Table 1, Fig. 2) , nor in the nine populations with known history (r s 0.288, P > 0.4). However, molecular variance was signi®cantly lower in populations with recent historical bottlenecks than in populations without bottlenecks (U-test, P < 0.02; Table 1 , Fig. 3 ). The number of rare RAPD markers present was not signi®cantly dierent in bottlenecked populations compared to populations without bottlenecks (U-test, P > 0.5; Table 1 ).
Mean frequencies of the present rare markers within populations were increased in populations *E5 and *E6 and highest in the two smallest populations B2 and B3 (Table 1) . Considering the ®ve geographically widespread RAPD markers, the average deviation of their relative frequencies (AD) was signi®cantly higher in small and/or recently bottlenecked populations [mean 0.14 0.02 (SE)] compared to large populations without bottlenecks [mean 0.06 0.01; U-test, P < 0.01; Table 1 ].
Discussion
Extraordinarily low RAPD diversity Very low genetic diversity was found in 14 populations of D. cristata. Comparison of RAPD diversities of species investigated in dierent studies is delicate because of varying primer screening strategies and sample sizes. However, RAPDs usually provide high numbers of polymorphic markers (Bartish et al., 1999) , and a few primers are often sucient to distinguish most of the sampled individuals (Fischer & Matthies, 1998; Gugerli et al., 1999) . In D. cristata, after a thorough screening for variable markers, only eight polymorphic RAPD markers and 27 multiband phenotypes were found in 280 individuals. Low RAPD diversity has also been detected in D. remota within its whole distribution range, which has been interpreted as evidence for a single origin of this apomictic, triploid fern species ( Schneller et al., 1998) . A mainly monomorphic RAPD pro®le has been reported for Pinus resinosa, which was attributed to an ancient bottleneck during glaciation (Mosseler et al., 1992) .
Only a small area at the border of the distribution of D. cristata was sampled in the present study. However, our RAPD results were in accordance with very low allozyme polymorphism reported for D. cristata in Europe (GuÈ ldenpenning, 1994; J.C. Vogel, Natural History Museum, London, unpubl. data). An explanation for the extraordinarily low genetic diversity in D. cristata might be a single or very few colonization events of Central Europe, or even a single or very few origins of this allotetraploid species, accompanied by considerable inbreeding. The most convincing example of a widespread allopolyploid fern species with a single origin, as deduced from allozyme pro®les, is D. celsa (Werth, 1991) . This species shares with D. cristata one of its parental diploids, the North American species D. ludoviciana (Werth, 1991) . An ancient bottleneck during speciation or colonization history of D. cristata would suggest that the detected RAPD diversity resulted primarily from subsequent mutations, which might also account for the right-skewed frequency distribution of the polymorphic RAPD markers.
The origin of allopolyploids by rare hybrid-polyploidization implements the ability of sel®ng, and Masuyama & Watano (1990) assumed that a trend for sel®ng exists in polyploid pteridophytes. In diploid homosporous ferns, intragametophytic sel®ng produces completely homozygous sporophytes in a single generation. The low number of RAPD multiband phenotypes found in D. cristata may point to high sel®ng rates.
High population differentiation
High genetic dierentiation among populations was found in D. cristata, which exhibited almost 50% of total genetic variation among populations. However, when interpreting RAPD phenotype diversity in D. cristata, one needs to remember the large number of monomorphic RAPD fragments not taken into account in the analysis. Yet extensive screening, tested quality of marker fragments and large sample size still justi®ed a conventional analysis of RAPD data in the present study.
Outcrossing, wind-pollinated and long-lived seed plants maintain most genetic variation within populations, while mainly sel®ng, short-lived species harbour comparatively higher variation among populations (Hamrick & Godt, 1989; Bartish et al., 1999) . The proportion of among-population variation in D. cristata, as measured by RAPDs, was similar to that reported for sel®ng seed plants based on allozyme diversity (51% on average; Hamrick & Godt, 1989) . However, homosporous ferns possess great potential for long-distance spore dispersal (Cousens, 1988) , and Soltis & Soltis (1990) argued that the mating system might be of minor importance in determining genetic structures of fern species. Genetic homogeneity among populations was accordingly found in four outcrossing, diploid ferns (F ST between 0.02 and 0.11), but considerable interpopulational dierentiation (F ST 0.23) has been reported for D. expansa, which has a mixed mating system (Soltis & Soltis, 1990) . A high proportion of genetic variation among populations was found in the three tetraploid, predominantly sel®ng ferns, Asplenium septentrionale, A. ruta-muraria and Polypodium vulgare, by . Intragametophytic sel®ng in these three species was supposed to be adaptive with regard to single spore colonization of naturally isolated and restricted suitable habitat patches. In summary, the high F ST -value of 0.49 found in D. cristata indicates comparatively high population dierentiation and may provide further evidence for substantial sel®ng rates in populations of this fern species. Nevertheless, in the multiband phenotypes of populations comprising geographically restricted RAPD fragments, these markers were combined freely with widespread markers, which may provide evidence for occasional recombination in D. cristata.
The missing correlation between genetic divergence and geographical distance and the high population dierentiation both indicated limited interpopulational gene¯ow in D. cristata, despite the potential for spore dispersal over long distances (see above). The absence of gene¯ow as an equalizing force allowed us to investigate eects of random evolutionary processes on the genetic diversity within populations of D. cristata.
The in¯uence of population history on genetic variation
Population sizes did not explain the dierences in molecular variances of the studied populations of D. cristata; genetic variation was not positively correlated with population size (Fig. 2) . There was even a slightly negative relationship between the two traits, as the two smallest populations, B2 and B3, showed the highest genetic variation (Table 1) . Additionally, the genetic variation of large populations might also have been slightly underestimated in the present study, because only 20 individuals were sampled per population.
Present-day genetic variation of D. cristata populations could be explained by events in recent population history. Historical population bottlenecks were accompanied by serious losses of genetic variation. Molecular variance within bottlenecked populations was reduced by about 40% in comparison with populations without bottlenecks (Table 1, Fig. 3) . A similarly genetic diversity has been reported for a reintroduced population of the allotetraploid Argyroxiphium sandwicense ssp. sandwicense (Friar et al., 2000) . The four bottlenecked populations of D. cristata comprised substantially fewer rare RAPD phenotypes than most of the other studied populations. However, the theoretical predictions of predominant elimination of rare markers during genetic bottlenecks (Nei et al., 1975) could not be con®rmed with RAPD data in D. cristata (Table 1) , but has been reported for A. sandwicense ssp. sandwicense (Robichaux et al., 1997) . Two populations of D. cristata of presumed recent origin, *E5 and *E6, had similar genetic variation to populations with reported severe population bottlenecks. Low molecular variance and a total lack of rare markers in population B1 suggested a genetic bottleneck in its recent history as well, but no indication for this was found in the¯oristic literature on southern Germany.
The following discussion of the relationship between dierent categories of population history and presentday genetic variation in D. cristata has two shortcomings. First, there were only a few cases per category, and, second, populations of D. cristata might have experienced changes in size even before they were¯oristically investigated. The formerly small populations E1 and E2, which have recently increased in size, showed intermediate values of molecular variance (Table 1) . High genetic variation was still found in small remnants of formerly large populations (W2, W4; Table 1 ). Thus, a distinct reduction in population size to about 60 individuals does not seem to reduce genetic variation severely in the long-lived D. cristata, at least in a short period of about 50 years. This was in accordance with the ®nding that no substructuring of genetic variation within populations of D. cristata occurred (data not shown). Unfortunately, there was only one presently large population, E4, known to have been large also in the past, which exhibited low genetic variation (Table 1) . This population is isolated geographically in the pre-alpine Rhine valley (Fig. 1) , which might account for its low genetic variation. Ellstrand & Elam (1993) opined that biologists are more likely to report census numbers for small populations, because they are easier to count; a habit that undermines our ability to reconstruct population histories. In fact, it was not possible to evaluate the historical sizes of the presently large populations B4 and W3, although their locations were already recorded at the end of the 19th century (Willbold, 1995; Landergott et al., 2000) . These two populations were not isolated ( Fig. 1) and showed considerable genetic diversity (Table 1) . They thus would exhibit the genetic pro®les of unrestricted populations.
Random sampling eects are expected in populations with recent genetic bottlenecks and/or in small populations. Genetic dierentiation among such populations was not increased compared to that among large populations of D. cristata. This was in contrast with results on Salvia pratensis and Scabiosa columbaria, where the coecient of genetic dierentiation (G ST ) was substantially higher among small than among large populations (van Treuren et al., 1991) . Rare RAPD markers in D. cristata reached high frequencies in the two smallest populations, B2 and B3, and in recently founded populations, *E5 and *E6 (Table 1) . High frequencies of rare alleles were exclusively observed in small populations of Salvia pratensis and Scabiosa columbaria, supposed to be caused by genetic drift (van Treuren et al., 1991) . Under genetic drift, all alleles Ð not only the rare ones Ð are aected by random sampling, and the probability of an increase in frequency is the same as that of a decrease, regardless to allele frequency (Hartl & Clark, 1997) . The average deviation of relative frequencies of the ®ve geographically widespread RAPD markers was signi®cantly higher in small and bottlenecked populations of D. cristata than in large populations (Table 1) . This can be interpreted as evidence for random genetic drift. The highest average deviations were found in the two smallest populations, B2 and B3, each with a population size of about 25 individuals. A substantially increased deviation was also detected in population W4, with 110 individuals. Although comparatively high levels of genetic variation were still maintained in these latter populations, they might be prone to stochastic loss of genetic diversity in the future. The lowest average deviation of widespread marker frequencies was found in population B4, a probably old and large population (see above). Furthermore, the relatively large number of neighbouring populations of D. cristata increased the probability of interpopulational gene¯ow in the region of Baden-WuÈ rttemberg (Fig. 1) .
The relationship between genetic diversity and population viability is controversial (see, e.g., Fischer & Matthies, 1998; Schmidt & Jensen, 2000) . Ecological factors might be more important in this context than genetic factors (Ellstrand & Elam, 1993) . Viable populations with complete allozyme uniformity have been reported for predominantly inbreeding, polyploid fern species . No ®tness parameters were measured in D. cristata. Nevertheless, recently increasing population sizes and a comparatively high spore production observed in the region of eastern Switzerland (Landergott et al., 2000) might indicate that, in the short term, suitable environmental conditions are more important for population viability in this fern species than genetic variation, which was lowest in that very region (Table 1) .
Conclusions and implications for conservation
Populations of D. cristata exhibited two somewhat con¯icting genetic features, namely the very low overall genetic diversity and the comparatively strong population dierentiation. In conservation biology, the number of multilocus genotypes present in a population is supposed to be a more important measurement of genetic diversity than the number of single markers . Without knowledge of possible adaptive dierences among populations of D. cristata, the best conservation strategy would be the maintenance of genetic dierences and the priority preservation of populations with comparatively high genetic diversity. In western Switzerland, where D. cristata is the focus of a local conservation project (Kozlowski, 1999) , populations W1 and W2 were genetically dierent from populations W3 and W4. The maintenance of regional genetic diversity would therefore require the conservation of both pairs of populations. High genetic variation was maintained in the remnants of the formerly large populations W2 and W4. However, such small populations might be prone to future loss of genetic diversity through random genetic drift (see above).
Substantial historical population dynamics should be expected in newly rare, threatened species, because increasing rarity is often caused by distinct habitat changes resulting from human activities. In fact, recent population histories better explained present-day genetic diversity in populations of D. cristata than did actual population sizes. Serious reductions of genetic variation in natural populations of this long-lived, polyploid fern species were the result of severe recent historical bottlenecks. Small remnants of formerly large populations of D. cristata exhibited higher genetic diversity than did large, but formerly small populations. Nevertheless, there was evidence for random genetic drift acting upon small populations of D. cristata. Hence, the present study exempli®es how an extensive survey of oristic data aids the interpretation of genetic data and stresses the importance of population history for population genetics and conservation biology.
